were compared with the levels simultaneously measured by auscultation utilizing a standard mercury sphygmomanometer (Baumanometer). The measurements were made on 1530 adult women and their 1760 adolescent children 15-17 years old. Two sets of blood pressures were taken about 3 minutes apart, each with an occluding cuff connected to the Physiometrics recorder as well as to the mercury sphygmomanometer. The reprodudbility of the Physiometrics method was similar to that of the auscultation method. The means of the systolic pressures measured by the Physiometrics method were virtually equal to those of the auscultation method for women and girls; for boys, the means of the former method surpassed those of the latter by about 3 mm. The mean diastollc pressures by the Physiometric method were very close to the Korotkoff sound 5 (K.) pressure by the auscultation method for all three groups.
K NOWLEDGE about the natural history of blood pressure has been derived mainly from indirect measurements using the standard mercury sphygmomanometer with auscultatory identification of the Korotkoff sounds. Although several studies on limited numbers of observations have indicated a reasonably close correlation between direct intraarterial measurements and the auscultatory technique, 1 * it has been recognized that the auscultatory method is not free of measurement error. 4 The reliability of the indirect auscultatory method depends for a major part on the observer's subjective interpretation of the Korotkoff sounds, which requires a large amount of mental concentration. In the setting of a screening process of large numbers of individuals, fatigue of the observers might unfavorably affect the precisions of the interpretations. It is mainly for this reason, therefore, that semiautomatic or fully automatic devices have been introduced. These devices detect Korotkoff sounds or related physical phenom-ena in the artery under the occluding cuff indicating systolic and diastolic blood pressure. Semiautomatic devices record these on paper for further interpretation; fully automated devices determine systolic and diastolic pressures without any observer interpretation.
Applications of these devices in screening programs should be preceded by large-scale studies to compare them with the classical auscultatory method for an estimate of their accuracy. ' Voors et al., e in the Bogalusa Heart Study, reported blood pressures of 3500 children 5-17 years old, measured in sequence by auscultation and by the semiautomatic Physiometrics recorder. The agespecific mean levels of systolic and diastolic pressures obtained by the two methods were generally in close agreement. An analysis of individual differences or correlations between both methods to estimate the consistency was not provided.
The objective of the present study is to establish the consistency of blood pressure measurements simultaneously obtained by auscultation and the semiautomatic Physiometrics Infrasonde recorder. The study population consisted of a large group of adult women and their teen-aged children, who were participants in the Child Health and Development Studies.
COMPARISONS OF BLOOD PRESSURE MEASUREMENTS/va/t den Berg

1-9
Material and Method
Population
This study consists of 1745 women 34-60 years old and their 1972 adolescent children 15-17 years old, who were participating in Child Health and Development Studies, which are prospective longitudinal studies of pregnancy, delivery, and child development. The population is widely based socioeconomically and ethnically; 73.4% of the mothers are white, 2.6% Mexican-American, 18.8% black, and 5.2% Asian. The original study cohort consisted of 20,000 pregnant women who were members of the Kaiser Foundation Health Plan. The infants were born in Oakland, California, between 1959 and 1967. The current study group of adolescents belongs to the subcohort born in 1960-1963. Eligibility for this study was based on current residency in the Oakland area, and prior participation in developmental examinations at the ages of 5 and 10 years; 84% of the eligible adolescents were actually examined.
Adolescent Study
The adolescents and their mothers were examined between July, 1977, and July, 1979. The examination protocol, similar for adolescents and mothers, included five blood pressure measurements, at rest and after sustained muscle contraction by means of a hand dynamometer, various physical measurements, spirometry, interviews, and questionnaires relating to health and life-style items.
Blood Pressure Measurements
The present study relates to two sets of consecutive blood pressure measurements about 3 minutes apart taken on the right arm of seated subjects. Each set of measurements was done simultaneously by auscultation utilizing a standard mercury sphygmomanometer (Baumanometer) and a semiautomatic device, the Physiometrics Infrasonde recorder. A hard cuff with a rubber bladder that encircles the arm completely was connected with both the sphygmomanometer and the Physiometrics recorder. The auscultation identified Korotkoff sound 1 (K,) for the systolic pressure and Korotkoff sounds 4 and 5 (K 4 , K,) for two diastolic pressure readings. Before cuff inflation, the brachial artery in the antecubital fossa was palpated to indicate the placement of the diaphragm type stethoscope.
The Physiometrics Infrasonde recorder (model SR-2), is responsive to a narrow sub-audible infrasonic frequency band and detects movements of the arterial wall under the occluding cuff. An infrasonic transducer is built in the cuff, which drives a galvanometer pen that writes on a paper disc, adjusted on a turntable. The pen deflects with the first pulse of blood that passes under the cuff, indicating systolic pressure. A sudden and sustained change in the amplitude of the deflections indicates diastolic pressure. In about 95% of the discs, the interpretation of the discs was easy and straightforward. In about 5%, the interpretation, mainly of the diastolic pressure, was somewhat difficult. We followed the protocol that was developed by the blood pressure research team of Dr. Roland L. Phillips, of Loma Linda University, together with the advisors of the manufacturers of the Physiometrics machine.
The auscultation and the operation of the semiautomatic device were done simultaneously by the same examiner. To avoid distraction by the movement of the recording pen, this part of the machine was covered by a soundproof box. The discs of the Physiometrics were read about 1 hour after the examination was finished, without consultation of the auscultation readings. It should be emphasized that discs and auscultation blood pressures were independently recorded. However, neither the first and second auscultation measurements nor the first and second disc interpretations were completely independent, because one observer performed the first and second measurements of the same procedure.
In the first few months of the study only one set of blood pressures, simultaneously by auscultation and by Physiometrics device, was taken. As the present study utilizes the data of two consecutive sets, the number of adolescents in this study is reduced from 1972 to 1760 and of mothers from 1745 to 1531.
The blood pressure measurements were performed by a team of three examiners. Two of them participated during the entire episode of the examinations, while three examiners functioned for shorter periods as third team members. Thus, in total there were five examiners. Pre-service and in-service training included use of audio tapes and a video cassette of Korotkoff sounds, and practice with a stethoscope with double sets of ear pieces for simultaneous use of two observers. Before participation in the examinations, supervised blood pressures were taken by both the auscultation and the Physiometrics methods.
Each week the Physiometrics machine was calibrated with the mercury manometer; adjustment of 2 mm or more was seldom necessary.
Analysis
Before focusing on the main objective of the study -to analyze the consistency of the blood pressure measurements by the two methods -we compared the blood pressures in first and second measurements by each method separately. As an estimate of the relative accuracy of each method, the correlation coefficients between first and second measurements, and the percent distribution, and means of the differences between first and second measurement have been compared for the two methods. For the comparison of simultaneous readings by the two methods, most of the analytical procedures recommended by the NIH Task Force on the assessment of automated indirect blood pressure screening devices' have been used. The second set of blood pressure measurements has been utilized. The percent distribution, means, and standard deviations of the differences have been provided. The correlation coefficients between the simultaneous readings have been calculated, and a regression analysis has been performed. As the main emphasis is on the evaluation of the consistency of the automatic device with the auscultation measurements, the regression of the Physiometric readings on the auscultation readings has been presented. Furthermore, we tested the reproducibility of the Physiometrics disc interpretation by comparing two independent readings by same and by different readers for a representative sample of the discs.
The auscultation method and the Physiometrics method are based on different phenomena -the hearing of Korotkoff sound and the recording of infrasonic frequencies. It is possible that physical characteristics of individuals might influence the blood pressure readings by each method in a different way, and might therefore also influence the difference between simultaneous readings by the two methods.
The physical characteristics used in the analysis relate to general body build and to the contours of the upper arm. In the first group are height, weight, biacromial distance, and chest width; in the second group, upper arm circumference, triceps skinfold thickness to measure the subcutaneous fat layer, and hand-arm strength measured by a hand dynamometer as a measure of muscularity. As weight and triceps skinfold have skewed distributions, the log values of these measurements have been used. The pulse frequency per minute, counted between first and second blood pressure measurements, is included in the analysis.
Blood pressure readings of black adolescents and adults diverge from blood pressure readings of persons of other ethnicity. Therefore, the ethnic variable has also been included (dyad black and all others).
The effect of each of the above-mentioned variables and the collective effect of all these variables on blood pressures measured by each of the methods and on the difference between these readings have been shown by means of simple and multiple correlation coefficients.
Results
Blood Pressure Values Obtained in Initial Measurement
The means of the blood pressure values obtained in the first measurement, simultaneously by auscultation and by Physiometrics recorder, are presented in the first column of table 1 for 1531 mothers, 868 adolescent boys, and 892 girls. The systolic pressure of the boys is about 10 mm Hg higher than of the girls; the differences in mean diastolic K 4 and K 8 pressures of boys are greater than those of girls by not more than 1 or 2 mm Hg.
The mean values of the systolic pressure obtained by the Physiometrics recorder are shown to be slightly higher than the auscultatory values; for mothers and girls the difference is about 1 mm Hg, for boys close to 3 mm Hg. The diastolic pressure measured by the Physiometric method is very close to the auscultatory diastolic K 5 value in all three groups; the difference is less than 1 mm Hg for mothers and girls and 1.5 mm Hg for boys.
The standard deviations of the systolic pressure for mothers is 16.7 for the auscultatory method, and 17.0 for the Physiometrics method; the adolescents have smaller standard deviations for the systolic pressure (about 12), as an expression of the smaller range of blood pressures in this narrow age group. The standard deviations for the diastolic pressures for mothers as well as for adolescents are around 10, expressing about an equal range of diastolic blood pressures for the considered groups.
Comparison of Sequential Measurements
Comparisons are made of the first and second measurements, 3 minutes apart, by each of the two methods -the mercury manometer auscultation method (called "A Method") and the Physiometrics recorder method (called "P Method"). The comparisons are done in terms of the means and distributions of the differences, and in terms of the correlation coefficients.
In all comparisons, as shown in table 1, the means of the second set of measurements are lower than the corresponding means in the initial set of measurements. The differences are larger in the systolic pressures (about 3-4 mm Hg) than in the diastolic pressures (about 1-2 mm Hg), and they are of the same level of magnitude for A Method and P Method.
The means, standard deviations, and percent distributions of the differences are further shown in table 2. The standard deviations are larger than the means of the differences, for both A Method and P Method; thus, the range of individual differences is rather wide and the differences may be positive or negative. The percent distributions show that in the majority of the cases, the differences between first and second measurements are 4 mm Hg or less, although differences of more than 8 mm Hg are not very rare. The dispersions of the differences between sequential measurements are similar for A Method and P Method, though slightly wider for P Method.
The second comparison is between the correlation coefficients of the two sequential measurements by A Method and P Method (table 1). The correlation coefficients between sequential measurements are high, both for A Method and P Method. The highest correlation coefficient is for auscultatory systolic pressures of the mothers (r = 0.91), the lowest diastolic pressures of adolescents vary between 0.71 (boys, A Method K 4 ) and 0.83 (boys, A Method K 6 ).
The relative accuracy or the reproducibility of the A and P methods, judged by the correlation coefficient between two sequential measurements, each of which was performed by the same observer, is very close, although the A Method has a slight edge.
Comparison of Simultaneous Blood Pressure Measurements by Auscultation and by Physlometrics Recorder
The analyses presented so far are of the reproducibility of measurements by A Method and by P Method separately. In view of the positive findings, the relationships between the two methods are now being evaluated. For this evaluation, the second set of simultaneous measurements by A and P Methods is utilized. As the disappearance of the Korotkoff sounds (K B ) is usually used to indicate diastolic pressure in adults, and as in our group of women and adolescents the means for diastolic K 6 were closer than the diastolic K^ means to the Physiometrics diastolic pressure, only the diastolic K, values are used in this analysis.
In the evaluation we will consider the means and distributions of the differences, the correlation coefficients, and the standard errors of estimate after regression. Table 3 shows that the mean systolic pressure by P Method surpasses that by A Method by less than 1 mm Hg for mothers and girls, and by close to 3 mm Hg for adolescent boys. The diastolic pressure by P Method is slightly lower than the diastolic K, reading by A Method for mothers, while the diastolic pressure by P Method surpasses diastolic K 5 by A Method by about 1 mm Hg for adolescents. Thus, the mean differences between A readings and P readings are very small. The individual differences, however, are scattered over a wider range, as indicated by the relatively large standard deviations, which are larger than the means (table 4). Around 60% of the simultaneous measurements of diastolic blood pressure of boys and girls by A and P methods are at most 4 mm apart (table 4) .
The standard deviations of the systolic and diastolic pressures are very close for both methods (table 3) . The correlation coefficients of the two systolic pressure readings for mothers, girls, and boys are very high, 0.98, 0.91, and 0.94 respectively. The correlation coefficient of the two diastolic readings for mothers is a high 0.92, but for boys and girls the correlation coefficients are lower, 0.66 and 0.72, respectively.
The performance of P Method relative to A Method is further evaluated by the regression of P readings on A readings in each of the six comparisons. For a direct measure of the variation of individual P readings from the expected values on the regression line, the residual standard deviations (S PA .) are computed and shown in the last column of table 3. These values are quite small for the systolic pressure readings and largest for the diastolic pressure readings of boys and girls.
The regression lines of P Method readings on A Method readings are presented for systolic and diastolic pressure measurements in mothers ( fig. 1) and  adolescents (fig. 2 ). The graphs show the level of consistency of blood pressure readings by Physiometrics recording, using the auscultatory readings as a standard. The regression coefficients are very close to 1 for mothers' systolic and diastolic blood pressure readings and for adolescents' systolic pressure readings; thus, a unit change in readings by A Method corresponds very closely to a unit change in readings by P Method.
The regression coefficient for diastolic pressure readings of adolescents deviates from I, which in- dicates a lower consistency between the two methods.
In conclusion, the consistency of the Physiometrics readings and the auscultatory readings is very good for the systolic and diastolic measurements of mothers, and for the systolic measurements of adolescents, but our data show less consistency between the two methods in the diastolic blood pressures for adolescents. If the objective is to evaluate the accuracy of P method, that is, how well readings by P Method predict measurements that are made by A Method, a regression of A on P should be calculated. It is obvious, from the closeness of the standard deviations for the readings by both methods, that regression A on P gives about the same results as the regression of P on A that have been shown.
Reproducibillty of Physiometrics Record Interpretation
Testing the reproducibility of the interpretations of the Physiometrics discs consisted of re-reading (blindly) 400 random discs by one examiner. Of these, 200 were originally interpreted by the same examiner; the other 200 were first read by other examiners. The results are summarized in table 5. The frequency distributions of the differences between the first and second reading show that differences of 0 or 2 are by far the most common. As readings are done in even numbers only, differences of 2 are mainly due to differences in rounding to even numbers. For the systolic and diastolic pressure of the women and for the systojic pressure of adolescents, more than 90% of the second readings differ 2 mm Hg or less from the initial readings. Furthermore, the distributions of differences by "same reader" are very similar to the corresponding distributions by "different readers." The correlation coefficients between the two sets of readings are rather high: 0.97 for systolic pressures and 0.89 or better for diastolic pressures of mothers as well as of adolescents. 
Relationship between Blood Pressure Measurements
and Certain Anthropometric Variables Table 6 shows simple correlation coefficients of several physical characteristics. The correlation coefficients of the independent variables and systolic blood pressure measurements with A Method are very similar to those with P Method.
The multiple correlation coefficients are in each of the six systolic pressure groups around 0.3, and are all statistically significant (p < 0.001). It is apparent that physical characteristics are not independent of one another; the values of the multiple correlation coefficients show that collectively the nine variables have only a slightly larger effect on the blood pressure readings than log weight alone. Not more than about 10%-15% of the variance in systolic blood pressures by A and by P Methods is "explained" collectively by the nine variables.
The correlation coefficients of the independent variables with the difference P-A are very small, although a few reach statistical significance at p £ 0.05.
For the diastolic pressures (table 6 right) the simple correlation coefficients are generally lower than for the systolic pressure, but again it is obvious that the correlations with diastolic measurements by A Method are very similar to those with measurements by P Method. It is apparent that the correlation coefficients for mothers are not far apart from the corresponding ones of girls, but the boys have lower and sometimes negative correlations.
The multiple correlations are between 0.2 and 0.3 for mothers, girls, and for boys only for measurements with P Method; these values are all statistically significant (p < 0.001). The multiple R for the boys' auscultatory diastolic readings are significant only at p < 0.05.
The correlation coefficients of the independent variables and the difference between diastolic P-A pressures are of low level. The correlation of pulse frequency and P-A difference is the highest for girls. It should be noted that this correlation with diastolic A is very low, and relatively high with diastolic P. The same trend, but more moderate, is noticeable for boys. These relationships need further analysis.
Discussion
The level of the measured blood pressures of the women 34-60 years old and their 15-17-year-old children is comparable with that of other large surveys. The means of two auscultatory measurements of 7 and slightly higher than in the second generation of women in the Framingham Study. 8 The pressures of the adolescents were lower than those of the Health Examination Survey 1966-1970' of 12-17-year-old youths, but these values were described as "unexpectedly high." However, since so many factors affect blood pressure, small differences in blood pressure levels in different surveys should be expected.
We have given attention to differences between first and second measurements by the same observer, separately for the two auscultation measurements and for the two Physiometric measurements. As is generally found, the means of the second measurement are lower than those of the first. Our data indicated that the individual range of differences was rather wide, and that positive and negative differences occurred. The main reason for the comparison was to provide an estimate of the measurement errors of the two methods. As first and second measurements were each done simultaneously by auscultation and Physiometrics recording, the error due to physiologic change was the same for both methods. The calculated correlation coefficients between first and second measurements, and the means, standard deviations, and percent distributions of the differences, were similar for both methods, with a slight advantage of the auscultation method.
Comparisons of the sequential measurements can also be seen as a frame of references for the comparisons of simultaneous measurements by the two methods. The simultaneous measurements by two methods show a closer agreement than the sequential measurements by either method.
We have shown a good consistency of the independent measurements with the Physiometrics as compared with the auscultatory method for women's systolic and diastolic (K B ) pressure and for adolescent's systolic pressure. In all three comparisons, the mean levels differ less than 2 mm Hg, the correlation coefficients are 0.92 or higher, and the regression coefficients are very close to 1. Based on these data, our conclusion is that the semiautomatic Physiometrics Infrasonde recorder performs in close agreement with the auscultation method.
The diastolic pressures of adolescents by the two methods did not show a satisfactory consistency, judged by a correlation coefficient of 0.69 (for boys and girls, 0.66 and 0.72, respectively). The means for the two methods, however, differ only slightly, and the standard deviations are also very close. The variance of the differences between both methods are only for a minor part "explained" by the anthropometric measurements, pulse frequency, or by ethnic background (table 6 right). The correlation between the difference and ethnic background (black versus white) was computed because, in the study of Voors et al., 8 black children had higher systolic blood pressures than white children when measured by Physiometrics but not when measured by auscultation. In our data, the ethnic variable was not related to the discrepancies in the two methods of systolic and diastolic measurements.
One factor in the discrepancy between diastolic pressures that needs further investigation is the pulse frequency. It is possible that in some cases with a low diastolic pressure in combination with a fast heart beat the cuff deflation speed might have become too slow relative to the heart beat, that is, slower than 2 mm Hg per heart beat. This makes the interpretation of the deflections on the Physiometrics discs more difficult.
An important advantage of the semiautomatic Physiometrics Infrasonde recorder (Model SR-2) is that a hard copy of the blood pressure measurement remains available for later reference. A test of the reproducibility using independent duplicate readings of a random sample of Physiometrics discs of mothers and adolescents gave satisfactory results (table 5). The correlation coefficients for two sets of readings of systolic pressures were 0.97, of diastolic pressures 0.89 or better. The level of reproducibility was the same whether first and second readings were done by the same reader or by different readers; the data demonstrated no evidence of observers' bias.
A comparison of the correlation coefficients of table 5 -reading-rereading by P Method -with those of simultaneous measurements by A and P Methods in table 3 is of interest. Corresponding correlation coefficients for systolic and diastolic pressure among mothers and for systolic pressure among adolescents are similar; however, for diastolic pressures of adolescents in table 5 the correlation coefficients are 0.89 compared with about 0.70 in table 3. This might lead to two hypotheses: the two methods do not measure the same thing, or the reproducibility of A method is lower than that of P Method. These speculations will be further investigated.
Our findings indicate good performance of the Physiometrics recorder. Its blood pressure values correlate well with those measured by auscultation, and its record interpretations have been shown to be reproducible without observer bias. Inconsistencies in the diastolic blood pressure measurements by both methods need to be further explored.
